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Germ cells synthesize large amounts of HSP70-2 protein during the meiotic phase of spermatogenesis. This developmentally
regulated expression of HSP70-2 contrasts with the constitutive or inducible expression of other 70-kDa heat shock proteins
(HSP70s). To better understand the genetic regulation of Hsp70-2, we used mRNA primer-extension, reverse transcriptase
PCR (RT±PCR), and cDNA sequencing to determine that transcription began as far as 353 bp upstream of the start codon.
We also identi®ed a previously unrecognized 239-bp intron which is spliced out of the pre-mRNA transcript to leave a 114
nt 5*-untranslated region. Transgenic mice were then produced to delimit the upstream regulatory region required for
developmental expression of Hsp70-2 during spermatogenesis. Results with multiple lines of transgenic mice containing
promoter±reporter transgenes with varying lengths of Hsp70-2 sequence indicate that promoter sequences up to 640 bp
upstream of the start codon and 287 bp upstream of the transcription start site are required for Hsp70-2/lacZ expression
in spermatocytes. Histochemical detection of transgene b-galactosidase activity was coincident with immunohistochemical
detection of HSP70-2 protein, both in the ®rst wave of spermatogenesis in juvenile mice and in ongoing spermatogenesis
of adult mice. The distribution of Hsp70-2 and Hsp70-2/lacZ mRNAs was determined by Northern blot, in situ hybridiza-
tion, and RT±PCR, and it was found that upregulation of expression of both Hsp70-2 and Hsp70-2/lacZ was speci®c to
the meiotic phase of spermatogenesis. q 1996 Academic Press, Inc.
INTRODUCTION 1991). These processes are accompanied by the developmental
expression of a number of genes encoding proteins unique to
spermatogenic cells and upregulated during meiosis (reviewedThe dramatic transformations in nuclear content and orga-
by Eddy et al., 1993). HSP70-2 (previously referred to as P70,nization that occur during the meiotic phase of spermatogene-
Allen et al., 1988a) is a member of the HSP70 family and onesis lead to the development of postmeiotic round spermatids
of the most abundant proteins expressed during the meioticcontaining haploid DNA. Processes that occur during the mei-
phase of spermatogenesis in mice. Understanding the expres-otic phase include DNA synthesis and repair, and chromo-
sion of this HSP70 family member and contrasting it to thesome recombination and segregation (reviewed in Eddy et al.,
constitutive or inducible regulation of other HSP70s should
provide signi®cant insight into the mechanisms involved in
the developmental regulation of gene expression during sper-1 To whom correspondence should be addressed at RTD, Mail
matogenesis.Drop 72, US EPA, Research Triangle Park, NC 27711. Fax: (919)
A family of at least seven different genes encoding HSP70541-4017. E-mail: dix.david@epamail.epa.gov.
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of Hsp70-2 and Hsp70-2/lacZ (see Table 1). PCR ampli®cationsproteins is present in mammals. In mice, all cells appear to
were for 35 cycles (947C, 1 min; 57 to 657C, 2 min; 727C, 1 min).express the cognate gene Hsc70 (Geibel et al., 1988) and the
RT±PCR products were analyzed on agarose gels stained withglucose-regulated proteins Grp75 (Domanico et al., 1993)
ethidium bromide. To con®rm the location of putative introns,and Grp78 (Kozutsumi et al., 1989). In most cell types, stress
RT±PCR products were puri®ed with Qiaex resin (Qiagen Inc.,induces the expression of two additional genes, Hsp70-1 and
Chatsworth, CA) and sequenced (Cycle Sequencing kits, Epicentre
Hsp70-3 (Hunt et al., 1993). These inducible HSP70s are Technologies, Madison, WI) according to suppliers' recommenda-
believed to protect cells and help them recover from stress- tions.
induced damage (for a recent review of HSP70 functions, Clones and subclones. Genomic clones of Hsp70-2 were iso-
see Georgopoulos and Welch, 1993). The expression of two lated from a B6/CBA mouse genomic library (Stratagene). Digestion
of a subclone with BamHI and DrdI yielded a 2.8-kb fragment ofadditional members of the Hsp70 gene family is regulated
5* upstream sequence which terminated 38 bp upstream of the startdevelopmentally during spermatogenesis. Hsp70-2 is ex-
codon. The 5*-overhangs of this fragment were ®lled in with T4pressed at high levels during the meiotic phase (Zakeri et
DNA polymerase I and the fragment was puri®ed with Qiaex resinal., 1988; Rosario et al., 1992) and Hsc70t is expressed dur-
(Qiagen Inc.). The fragment was then blunt-end ligated into theing the postmeiotic phase (Maekawa et al., 1989; Matsu-
XhoI site of the promoterless pNASSb reporter vector (Clontechmoto and Fujimoto, 1990). Thus the expression of the Hsp70
Laboratories, Palo Alto, CA) to generate the Hsp70-2/lacZ vector.
family of genes appears to be controlled by a variety of Pronuclear microinjection. Hsp70-2/lacZ vector was digested
constitutive, inducible, and developmental mechanisms. with PstI and either KasI, EcoRI, or EcoNI. These restriction en-
We used transgenic mice to delimit the promoter that zyme fragments were puri®ed with Qiaex resin (Qiagen Inc.), ex-
mediates developmental expression of Hsp70-2 in sper- tracted with phenol-chloroform, precipitated with ethanol, and di-
luted to 3 ng/ml in 10 mM Tris±HCl (pH 7.4) and 0.1 mM EDTAmatogenic cells. A 2.8-kb segment of the Hsp70-2 promoter
in preparation for microinjection. The DNA was microinjected intosequence was ligated to a bacterial b-galactosidase (lacZ)
the pronuclei of zygotes from FVB/N mice according to standardreporter gene and three restriction enzyme fragments of this
protocols (Hogan et al., 1986). All procedures involving animalspromoter±reporter construct were injected into the pronu-
were approved previously by the Institutional Animal Care andclei of mouse zygotes. After mapping the transcription start
Use Committee and were in accordance with PHS guidelines.site and identifying a previously unrecognized 239-bp intron
PCR and Southern blots. Transgenic founders were detected
5* of the Hsp70-2 coding region, we assayed Hsp70-2 and by PCR screening of genomic DNA (gDNA) extracted from tail
Hsp70-2/lacZ expression in transgenic mice and deter- biopsies. Primers 843 and 980 (see Table 1) for Hsp70-2/lacZ detec-
mined that promoter sequences up to 287 bp upstream of tion were paired with primers for the p53 tumor suppressor gene
the transcription start site are required for in vivo expres- (TGTAAAACGACGGCCAGTACTCTCCTCCCCTCA and GAG-
GGCTTACCATCACCATC) as an internal control. Ampli®cationsion. The important role of HSP70-2 during the meiotic
was run for 40 cycles (947C, 1 min; 527C, 2 min; 727C, 15 sec) andphase of spermatogenesis is shown by our recent ®nding
analyzed on agarose gels. Southern blots were prepared from EcoNI/that male mice homozygous for an Hsp70-2 gene mutation
SacI digested gDNA size-separated on 1% agarose gels. DNA wasare infertile (D. J. Dix et al., unpublished results).
vacuum-transferred to GeneScreen Plus (du Pont-NEN, Boston,
MA) and hybridized in 61 sodium chloride-sodium citrate (SSC),
0.5% SDS, 100 mg/ml salmon DNA, and 50% formamide at 427C
overnight with a [32P]dCTP-labeled PCR probe ampli®ed fromMATERIALS AND METHODS
Hsp70-2/lacZ with primers 843 and 980. Final washes of Southern
blots were at 507C in 0.11 SSC and 0.1% SDS, and the blots were
Primer extension of mRNA. Primer extension reactions were exposed to X-ray ®lm for 2 weeks.
performed with a 30-mer oligonucleotide primer [5* CGGGCA- b-Galactosidase histochemistry. b-galactosidase activity that
GACATCCTGACTGGTCGGAGTGAC 3 *] which spans the exon resulted from Hsp70-2/lacZ expression was detected by the proce-
1±exon 2 splice junction (Fig. 3) and is complementary to Hsp70- dure of MacGregor et al. (1991). Testes were removed from 6- to
2 cDNA. This primer was 5* end-labeled with [g-32P]dATP and T4 10-week-old mice and the tunica albuginea sliced open to expose
polynucleotide kinase. Primer was annealed to 3 mg of poly(A)/ the seminiferous tubules. Testes were ®xed for 2 hr at 47C in 2%
RNA from isolated spermatocytes or to 50 mg of total RNA from paraformaldehyde, 0.2% glutaraldehyde, 50 mM sodium phosphate
mixed germ cells or from liver, and extended with AMV reverse (pH 7.3), 0.02% NP-40, and 0.01% deoxycholate. Enzyme activity
transcriptase. Reaction mixture was separated on 6% polyacryl- was detected by incubating overnight at 227C in 200 mM sodium
amide sequencing gel and visualized by autoradiography. Adjacent phosphate (pH 7.3), 2 mM MgCl2, 0.02% NP-40, 0.01% deoxycho-
lanes contained dideoxy-mediated PCR sequencing ladders using a late, 3 mM K3Fe(CN)6 , 3 mM K4Fe(CN)6, and 1 mg/ml 5-bromo-4-
30-mer primer [5* GCTCCCACAGGCTTGCCTGGTCGGAGT- chloro-3-indolyl-b-D-galactopyranoside (X-gal). The tissue was then
GAC 3*] complementary to the Hsp70-2 gDNA (position 726, Fig. embedded in paraf®n and the sections were used for histology or
3) as a molecular marker. immunohistochemistry.
RT±PCR of mRNA. Total RNAs were extracted using an RNA Immunohistochemistry and in situ hybridization. Immunohis-
isolation kit containing guanidine isothiocyanate (Stratagene Clon- tochemical detection of HSP70-2 protein used rabbit antiserum 2A
ing Systems, La Jolla, CA) and treated with RNase-free DNase I (Rosario et al., 1992) diluted 1:8000, biotinylated antibody to rabbit
(Life Technologies, Gaithersburg, MD). cDNAs were produced with IgG, and an Elite ABC avidin±biotin±peroxidase kit (Vector Labora-
an RNA PCR kit using random hexamer primers (Perkin±Elmer± tories, Burlingame, CA) according to the supplier's directions. In
Cetus, Norwalk, CT). PCR products were then generated with situ hybridization of Hsp70-2 mRNA used sense and antisense
RNA probes from the 3 * UTR of Hsp70-2 (Mori et al., 1992).primers corresponding to sequences in the ®rst and second exons
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TABLE 1
PCR Primers for Hsp70-2 and Hsp70-2/lacZ
Amplicon sizes (nt)
Upper Primer Lower Primer
Target gene primera length (nt) primera length (nt) Genomic DNA mRNA
Hsp70-2 603 33 983 30 381 142
656 18 983 30 328 89
656 18 1031 18 376 137
688 17 1296 20 609 370
Hsp70-2/lacZ 603 33 1397 18 795 528
656 18 1397 18 742 475
843 20 980 20 137 N/A
a Numbers used to designate primer identity relate to the position of the 5*-end of the oligonucleotide in Hsp70-2 and Hsp70-2/lacZ
upstream sequences (see Fig. 3).
Northern blots. Northern blots were prepared with total RNA Transcription Start Site of Hsp70-2
extracts from various tissues of transgenic and control FVB/N mice.
Primer extension of mRNA was used to identify the tran-Blots from transgenic mice were prepared from gels loaded with 7
scription start sites of Hsp70-2 (Fig. 1) and indicated thatmg of total RNA per lane (Fig. 7), while blots from FVB/N control
animals were from gels loaded with 20 mg total RNA per lane. the farthest 5* transcription start site was 353 bp upstream
Increased RNA loads were required on the FVB/N blots to detect of the start codon. There were 16 different primer extension
low-level expression of Hsp70-2 in somatic tissues. The Hsp70- stops spanning 75 bp of upstream sequence, from the G
2 probe was generated by PCR with the upper strand primer 5*- residue at 353 bp upstream to the A residue 275 bp upstream
TCCTTTTCTCCCTTTTGTTTTGGT and lower strand primer 5*- of the start codon. RT±PCR results con®rmed that Hsp70-
CAATTCAAGCTTTCCTGTGTCTTA, to yield a 327-bp probe
2 transcription of mRNA began at least as far upstream asspeci®c to the 3 * UTR. The Hsp70-2/lacZ probe was generated
indicated by primer extension, since upper primer 603 andwith the RT±PCR primers 656 and 1394 (Table 1). Blots were hy-
lower primer 983 (Table 1) were able to produce a 142-bpbridized in 61 SSC, 0.5% SDS, 100 mg/ml salmon DNA, and 50%
cDNA (Fig. 2). RT±PCR also con®rmed that Hsp70-2/lacZformamide at 427C overnight, a ®nal wash at 507C in 0.11 SSC
transcription of mRNA began at least as far upstream as itand 0.1% SDS, exposed for 3 days to 2 weeks and quantitated with
a Phosphorimager (Molecular Dynamics, Sunnyvale, CA). did for Hsp70-2, since upper primer 603 and lower primer
b-Galactosidase activity assay. Detection of b-galactosidase 1397 (Table 1) were able to produce a 528-bp cDNA (data
activity in fresh tissue homogenates was performed by spectropho- not shown). Furthermore, 20 different cDNA clones were
tometric assay with O-nitrophenyl-b-D-galactopyranoside (ONPG) sequenced, and 8 of these clones began 298 bp upstream of
according to the procedures of MacGregor et al. (1991). For each the start codon while 12 clones began 280 bp upstream of
tissue sample, a speci®c control reaction from the same tissue sam-
the start codon.ple was prepared, incubated for 0 min, and the absorbance of this
control was subtracted from its duplicate sample incubated for 30
min. Absorbance of ONPG assays from KasI and EcoRI transgenic
Hsp70-2 Intron in the 5* UTRtestes increased linearly for upward of 60 min incubation at 377C;
absorbance was routinely measured after 30 min. Samples were
A previously unidenti®ed 239-bp intron 5* of the Hsp70-normalized by milligrams of total protein in tissue extracts.
2 coding region was found during the sequencing and com-
parison of mouse genomic DNA (gDNA) and cDNA clones.
To con®rm that an intron separated exons 1 and 2 (Fig. 3)
and was spliced out of Hsp70-2 pre-mRNA, RT±PCR analy-RESULTS
sis was performed with primers bracketing the intron. RT±
PCR products ampli®ed from gDNA were over 200 bp
longer than the PCR products from mRNA, using the sameThe ®rst goal of this study was to better de®ne transcrip-
tion initiation and posttranscriptional processing at the 5* primers (Fig. 2). The shorter PCR products were produced
only when reverse transcriptase was present, indicating thatend of Hsp70-2 mRNA. This was accomplished by using
primer extension of mRNA, RT±PCR, and cDNA sequenc- they were ampli®ed from mRNA. The longer PCR products
were produced in the absence of reverse transcriptase, whening. Multiple approaches were used because a single tran-
scription start site of Hsp70-2 proved dif®cult to identify, the samples were not treated with DNase, indicating that
they were ampli®ed from gDNA. The predicted exon spliceand because of the unexpected discovery of an intron in the
5* UTR. sites were con®rmed by sequencing across the exon 1±exon
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spliced out of Hsp70-2/lacZ pre-mRNA. Hsp70-2/lacZ vec-
tor sequence contains all of exon 1 and 207 bp of the intron
from Hsp70-2 (Figs. 3C and 3D). Sequencing of RT±PCR
products determined that the 5* splice at the exon 1±intron
boundary of the transgene mRNA occurs at the same site
as in Hsp70-2 mRNA, while the 3 * splice to exon 2 occurs
267 bp downstream at an SV40 splice-acceptor site in the
vector sequence (data not shown).
Lines of Transgenic Mice
The mouse Hsp70-2 gene has three unique restriction
enzyme sites 954 bp (KasI), 640 bp (EcoRI), and 318 bp
(EcoNI) 5* to the start codon (Fig. 3). Multiple lines of
transgenic animals were produced with Hsp70-2/lacZ DNA
cut at each of these three sites. Six transgenic founders
generated with the KasI promoter region were identi®ed by
Southern and PCR analysis of gDNA. Four of these KasI
founder mice ef®ciently transmitted the transgene. Simi-
larly, six founder mice with the EcoRI promoter region and
four founder mice with the EcoNI promoter region trans-
mitted their respective transgenes. Expression analyses was
performed on mice from all of these KasI, EcoRI, and EcoNI
transgenic lines.
Transgene Expression in Adult Testes
Hsp70-2/lacZ transgene expression was detected by b-
galactosidase histochemistry on whole testes. Essentially
all of the testes from four different lines of KasI transgenic
mice turned blue in the histochemical reaction for b-galac-
FIG. 1. Transcription start site detected by primer extension of
Hsp70-2 mRNA from spermatogenic cells, using a complementary
primer speci®c for Hsp70-2 (see Materials and Methods). Lanes C,
T, A, G, and C / T, dideoxy-mediated PCR sequencing ladders
generated from genomic DNA. Lane 1, extension of 3 mg of poly(A)/
RNA from spermatocytes. Lane 2, extension of 50 mg total RNA
from mixed germ cells. Both lanes 1 and 2 have a cluster of four
reverse transcriptase stop sites ending with the G residue 353 bp
upstream of the start codon (see Fig. 3B). Lane 3, negative control
extension of 50 mg of total liver RNA. Major primer-extension stop
sites are indicated by asterisks to the right of the gel ®gure.
FIG. 2. RT±PCR of Hsp70-2 mRNA indicating the presence of an2 boundary of the Hsp70-2 RT±PCR product (data not
intron in the 5* UTR. Lanes 1±3, RT±PCR with primers 656 andshown). Sequences around the exon±intron boundaries are
983; lanes 4±6, with primers 603 and 983 (see Table 1). Lanes 1highly conserved between mouse, rat, and human homo-
and 4, mRNA amplicon with RT and DNAse. Lanes 2 and 5, no
logues of Hsp70-2 (Fig. 3B). However, sequencing of cDNA mRNA amplicon without RT, with DNAse. Lanes 3 and 6, gDNA
clones of the human homologue of Hsp70-2 indicated that amplicon without RT, without DNAse. The size difference be-
an intron apparently is not spliced out of the human tran- tween the mRNA and gDNA amplicons approximates a 239-bp
script (data not shown). intron, which was con®rmed by cDNA sequencing. Lane M, DNA
markers of 1000, 700, 500, 400, 300, 200, and 100 bp.RT±PCR also indicated that an intronic sequence was
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FIG. 3. Upstream promoter regions of Hsp70-2 gene and Hsp70-2/lacZ transgene. (A) Diagram of the Hsp70-2 region upstream of the
start codon. Exons 1 and 2 are indicated by open boxes. The DrdI restriction site within the intron of Hsp70-2 is the end of Hsp70-2
sequence in Hsp70-2/lacZ. (B) Nucleotide sequence of the mouse Hsp70-2 upstream region (GenBank Accession No. M20567; Zakeri et
al., 1988), aligned with upstream sequences from Hsp70-2 rat (GenBank Accession No. X15705; Wisniewski et al., 1990) and human
(GenBank Accession No. L26336; Bonnycastle et al., 1994) homologues. Alignment of these three sequences was optimized by introducing
gaps within individual sequences, as indicated by dots in this ®gure. KasI, EcoRI, EcoNI, and DrdI restriction enzyme sites are underlined,
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hybridization (Fig. 5C). These results indicate that Hsp70-
2/lacZ and Hsp70-2 are transcribed and translated in sperm-
atocytes.
HSP70-2 appears to be a stable protein. Although little of
the protein is synthesized in spermatids (O'Brien, 1987; Al-
len et al., 1988a, 1988b), immunohistochemical results (Fig.
5B; Rosario et al., 1992) indicate that it remains throughout
the postmeiotic phase of spermatogenesis. However, b-ga-
lactosidase activity due to Hsp70-2/lacZ expression was not
detected in postmeiotic germ cells (Fig. 5A), more closely
matching the distribution of Hsp70-2 mRNA (Fig. 5C). By
in situ hybridization, Hsp70-2 mRNA levels appear to be
above background in leptotene spermatocytes and abundant
throughout pachytene spermatocyte and early round sper-
FIG. 4. Summary of enzyme histochemical detection of Hsp70- matid development, but to drop sharply thereafter. These
2/lacZ expression in testis. Values represent the number of animals results suggest that HSP70-2 has a longer half-life than does
expressing (/) or not expressing (0) b-galactosidase activity. Re-
b-galactosidase activity. Additionally, this difference in dis-sults are from animals within four different KasI transgenic lines,
tribution of HSP70-2 and b-galactosidase activity may besix EcoRI lines, and four EcoNI lines. Twenty wild-type FVB/N
affected by limited diffusion of b-galactosidase substratemice showed no detectable b-galactosidase activity in testis. Com-
into adult testes.paring the percent animals positive for each construct to wild-type,
mice in KasI and EcoRI transgenic lines are signi®cantly different
(P  0.001).
Transgene Expression in Juvenile Testes
The ®rst wave of spermatogenesis in juvenile mice results
in the appearance of meiotic germ cells by 10 days aftertosidase (Fig. 4). While EcoRI transgenic mice also expressed
b-galactosidase, there were signi®cant differences between birth (BellveÂ et al., 1977). Testes from Hsp70-2/lacZ juve-
nile mice were assayed for b-galactosidase activity in totodifferent transgenic lines (P £ 0.005 by Fisher exact tests).
Of the six EcoRI transgenic lines assayed for expression, and then sectioned and immunostained for the HSP70-2
protein. This allowed us to more precisely compare the de-two lines had b-galactosidase activity in the testes of all
animals tested (n  5 and 4, respectively). In the four other velopmental expression of Hsp70-2/lacZ and Hsp70-2 at the
beginning of meiosis (Table 2, Fig. 6). At 8 days after birth,EcoRI lines the majority of animals lacked b-galactosidase
activity detectable by this assay (n ⁄ 4 for each line). None neither HSP70-2 protein nor b-galactosidase activity were
detected in testes from KasI (Fig. 6A) or EcoRI transgenicof the mice tested in each of four different EcoNI lines
(n  4 for each line) had detectable b-galactosidase activity mice. At 10 days after birth, some KasI (Fig. 6B) and EcoRI
mice had detectable levels of HSP70-2 protein and b-galac-(Fig. 4). These results strongly suggest that the 316-bp region
between the EcoRI and EcoNI restriction sites contains pro- tosidase activity in occasional spermatogenic cells. By 12
days after birth, HSP70-2 protein and b-galactosidase activ-moter sequences essential for the upregulation of Hsp70-2/
lacZ transgene and Hsp70-2 gene expression in the testis. ity were readily detectable in the testes of most KasI (Fig.
6C) and EcoRI mice analyzed. These results indicate thatSections of testis from adult mice were examined to com-
pare the upregulation of transcription and translation of the Hsp70-2/lacZ transgene and Hsp70-2 gene are expressed
early in meiosis, probably during the leptotene stage of pri-Hsp70-2 and Hsp70-2/lacZ in germ cells. Substantial b-ga-
lactosidase activity indicative of transgene expression was mary spermatocyte development. The smaller testes and
tubules of juvenile mice apparently allowed better diffusiondetected by enzyme histochemistry in spermatocytes of
mice from KasI and EcoRI lines (Fig. 5A). The appearance of the b-galactosidase substrate into the tissue than oc-
curred in the adult animals.of b-galactosidase activity during the meiotic phase of sper-
matogenesis in transgenic mice coincided with the appear- RT±PCR was utilized to assess the developmental expres-
sion of Hsp70-2/lacZ and Hsp70-2 mRNAs in juvenile tes-ance of HSP70-2 protein as detected by immunohistochem-
istry (Figs. 5B) and of Hsp70-2 mRNA as detected by in situ tes and to con®rm the histochemical and immunohisto-
as are predicted SP1, CCAAT, TATA, and an octameric (OCT; Barberis et al., 1987) transcription factor binding sites. The transcription
start site is marked /1. The 239-bp intron is in lower-case type. (C) Diagram of the upstream region of the Hsp70-2/lacZ promoter±
reporter transgene. Upstream of the XhoI site is the Hsp70-2 sequence (see above). Sequences downstream of the XhoI site include a
splice-acceptor site from the vector which allows splicing-out of the 267-bp chimeric intron. (D) Unique portion of the Hsp70-2/lacZ
sequence. Restriction enzyme sites, start codon, predicted transcription start site, and the 267-bp intron are indicated as in Fig. 3B.
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FIG. 5. Representative examples showing expression of Hsp70-2/lacZ and Hsp70-2 in seminiferous tubules of adult mice. (A) Transverse
section of testis from a KasI transgenic animal stained by enzyme histochemistry for b-galactosidase activity. Dark blue staining indicative
of enzyme activity is present in meiotic pachytene spermatocytes of this stage II ±IV tubule. Spermatogonia and Sertoli cells at the
periphery and spermatids in the central portion do not stain. (B) Immunohistochemical detection of HSP70-2 protein in spermatogenic
cells. The protein is not detected in premeiotic cells at the periphery of these stage IX to XII tubules. The presence of the brown
immunostaining product indicates that signi®cant amounts of protein are present in most meiotic and all postmeiotic germ cells. (C) In
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TABLE 2
Developmental Expression of Hsp70-2 and hsp70-2/lacZ
in the Testes of Juvenile Micea
Postnatal age (days)
6 8 10 12 14
mRNA
Hsp70-2 2/8b 4/12 11/12 10/10 4/4
Hsp70-2/lacZ 0/8 3/12 5/12 9/10 3/4
Protein
Hsp70-2 ndc 0/12 9/20 14/14 14/14
Hsp70-2/lacZ nd 0/12 4/20 11/14 19/20
a Animals were assayed from three KasI and three EcoRI
transgenic lines. RT±PCR was used to assay mRNA expression,
while enzyme histochemistry (Hsp70-2/lacZ) and immunohisto-
chemistry (Hsp70-2) were used to detect protein expression (see
Materials and Methods).
b Number of animals expressing transgene/total number of ani-
mals assayed.
c nd, not determined.
FIG. 7. Representative RT±PCR analyses of Hsp70-2 and Hsp70-chemical results. Figure 7 is a representative set of RT±
2/lacZ mRNA expression in juvenile mouse testis. Lanes 1, 3, 5,
PCR results with mRNA from testes of 6- to 12-day-old and 7, RT±PCRs run with reverse transcriptase, with RNA from
mice. Hsp70-2/lacZ and Hsp70-2 mRNAs were detected by Days 6, 8, 10, and 12 postnatal testes, respectively. Lanes 2, 4, 6,
this highly sensitive assay in testes from about half the 6- and 8, matching RT±PCRs run without reverse transcriptase. Lanes
and 8-day-old mice examined (Table 2), earlier than when 9 are RT±PCRs run with no RNA. (A) RT±PCR with primers 688
and 1296 (Table 1) for Hsp70-2 mRNA. The 370-bp mRNA ampli-b-galactosidase activity and HSP70-2 protein were detected
con is present in lanes 5 and 7 (postnatal Days 10 and 12, respec-in these same animals. However, histochemical, immuno-
tively). Faint bands of the 609 gDNA amplicon are also present inhistochemical, and RT±PCR results were in agreement for
lanes 5 and 7. (B) RT±PCR with primers 656 and 1397 (Table 1)most mice at 12 days of age and older, indicating that
for Hsp70-2/lacZ mRNA. The 472-bp mRNA amplicon is presentHsp70-2/lacZ and Hsp70-2 expression is upregulated appre-
in lane 7 (Day 12 postnatal). Lane M contains DNA markers ofciably in leptotene spermatocytes.
1000, 700, 500, 400, 300, 200, 100, and 50 bp.
Tissue Distribution of Transgene Expression
When Northern blots were used to assess the tissue distri- detected by RT±PCR in the brain and skeletal muscle of
some animals (Table 3).bution of mRNAs in KasI and EcoRI transgenic animals,
Hsp70-2 and Hsp70-2/lacZ mRNAs were detected in the Because of the contradiction between these Northern and
RT±PCR results, we used Northern blots with higher loadstestis but not in lung, kidney, or brain (Fig. 8). However,
RT±PCR detected Hsp70-2 mRNA in somatic tissues, as of total RNA (20 mg) per lane to reexamine whether appre-
ciable amounts of Hsp70-2 mRNA are present in somaticwell as in testes (Fig. 9), and transgene expression was also
situ hybridization of Hsp70-2 mRNA with 35S-labeled RNA probe. Bright-®eld (left) and dark-®eld (right) images of these stage II± IV
tubules show autoradiographic grains clustered over the pachytene spermatocytes. Bar, 50 mm.
FIG. 6. Hsp70-2/lacZ and Hsp70-2 expression in juvenile testes. (A) Transverse section of Day 8 postnatal testis of a KasI transgenic
mouse showing no enzyme histochemical evidence of Hsp70-2/lacZ expression or immunohistochemical evidence of Hsp70-2 expression.
(B) Day 10 testis of a KasI transgenic mouse with germ cells (arrow) in one seminiferous tubule where Hsp70-2/lacZ expression (b-
galactosidase) is indicated by the blue histochemical staining and HSP70-2 protein expression is indicated by the brown immunohistochem-
ical staining on a purple background of hematoxylin counterstain. (C) Day 12 testis of a KasI transgenic mouse with spermatocytes in
the majority of tubules staining for b-galactosidase and HSP70-2 protein. Bar, 50 mm.
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FIG. 8. Northern blots of total RNA from adult mouse tissues. (A) Lanes 1 and 2 contain RNA from brain and testis from a representative
KasI transgenic mouse; lane 3 is blank; lanes 4 through 7 contain RNA from lung, kidney, brain, and testis, respectively, from a second
KasI transgenic mouse. Hybridization with a transgene-speci®c probe (PCR-generated with primers 656 and 1397, Table 1) detects the
approximately 3.9-kb Hsp70-2/lacZ mRNA from testes. (B) The same blot reprobed with an Hsp70-2 3* UTR probe (see Materials and
Methods) is only positive for the approximately 2.7-kb Hsp70-2 mRNA in testes. (C) Hybridization of the same blot with a b-actin probe
(see Materials and Methods) detects the 2.0-kb actin mRNA to con®rm RNA quality and loadings. Upper and lower marks to the left and
right of blots indicate position of 28S and 18S ribosomal RNA, respectively.
tissues of adult mice. While Hsp70-2 mRNA was abundant
and readily detected in testis, somatic tissues had low levels
of Hsp70-2 mRNA detectable only by long phosphorim-
aging exposures (data not shown). The intensity of signal
from hybridized bands indicates that the amount of Hsp70-
2 mRNA in testis is several orders of magnitude greater
than in the somatic tissues of young adult male mice.
Because low levels of Hsp70-2 mRNA were present in
somatic tissues, an ONPG solution assay was used to deter-
mine if detectable levels of b-galactosidase activity were
present in tissue extracts from adult transgenic mice. Sig-
ni®cant b-galactosidase activity was detected only in the
testes of mice from KasI and EcoRI lines (Table 4). The
number of copies of Hsp70-2/lacZ integrated into the ge-
nome of different transgenic lines did not correlate with the
relative level of transgene expression.
DISCUSSION
These studies demonstrate that the developmental sig-
nals which direct expression of Hsp70-2 during the meiotic
phase of spermatogenesis act through sequences less than
640 bp upstream of the start codon and less than 289 bp
upstream of the putative transcription start site. They show
that the Hsp70-2 upstream region bounded by the EcoRIFIG. 9. Representative RT±PCR analyses of Hsp70-2 and Hsp70-
2/lacZ mRNA expression in adult mouse tissues. Lanes 1, 3, 5, and and EcoNI sites includes sequences suf®cient to direct
7 are RT±PCRs using reverse transcriptase and RNA from testis, upregulation of Hsp70-2/lacZ in leptotene spermatocytes
brain, muscle, or lung, respectively. Lanes 2, 4, 6, and 8 are control during the ®rst wave of meiosis in juvenile mice, and in
RT±PCRs with the same RNAs but without reverse transcriptase. leptotene to pachytene spermatocytes in adult testes. Addi-
Lanes 9 and 10 are RT±PCRs of testis RNA not treated with DNase tional transgenic and in vitro studies will be required to
and run with (lane 9) and without (lane 10) reverse transcriptase. further de®ne Hsp70-2 regulation, but we have delimited
(A) RT±PCR with Hsp70-2 primers 688 and 1296 (Table 1) results
the core promoter elements to a relatively small upstreamin a 370-bp mRNA amplicon with all four tissues. The 609-bp
region.gDNA amplicon is present in lane 10. (B) RT±PCR with Hsp70-2/
The sequence reported here, extending to the KasI restric-lacZ primers 656 and 1397 (Table 1) results in a 472-bp mRNA
tion site, is 321 bp upstream of the ®rst nucleotide of theamplicon from the testes only (lanes 1 and 9). Lane M contains
DNA markers of 1000, 700, 500, 400, 300, 200, 100, and 50 bp. Hsp70-2 sequence published by Zakeri et al. (1988). Our
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TABLE 3
RT±PCR Detection of Hsp70-2 and Hsp70-2/lacZ mRNAs in Adult Tissuesa
Tissue
Testis Brain Heart Kidney Liver Lung Muscle Spleen
Hsp70-2 5/5b 5/5 5/5 5/5 4/5 3/4 5/5 5/5
Hsp70-2/lacZ 5/5c 1/5 0/5 0/5 0/5 0/4 2/5 0/5
a Animals assayed were from four different lines of KasI and EcoRI transgenics. Signi®cant expression of b-galactosidase activity (ONPG
assay, see Materials and Methods) was detected only in the testes of all animals assayed.
b Number of animals with Hsp70-2 mRNA/total number of animals assayed.
c Number of animals with Hsp70-2/lacZ mRNA/total number of animals assayed.
®ndings indicate that transcription begins well upstream of which leads to placental aromatase de®ciency (Harada,
1993). Thus it appears that the GC dinucleotide can func-the site originally proposed for Hsp70-2 (Zakeri et al., 1988),
and that a previously unrecognized intron separates the ®rst tion within a splice donor in pre-mRNAs, but that it is
a signi®cant variation from the GT±AG rule which mayexon encoding much of the 5* UTR from the second exon
and coding region. Hsp70-2 apparently does not utilize the regulate splicing and gene expression.
The alignments and consensus sequences in mouseTATA sequence and inverted CAAT box in this intron as
suggested (Zakeri et al., 1988), but instead initiates tran- Hsp70-2 and the rat and human homologues indicate that
signi®cant conservation of sequences between all threescription almost 200 bp further upstream. The upstream
sequences of the Hsp70-2 homologues from rat (Wisniewski genes is maintained until shortly 5* of the transcription
start site. However, the rat and mouse sequences are highlyet al., 1990) and human (Bonnycastle et al., 1994) also have
consensus exon±intron splice sites that correlate with those conserved to within approximately 50 bp of the EcoRI site.
Whether this divergence between the rodent and humanin the mouse, and they probably initiate transcription at a
site similar to that in the mouse gene. sequences is signi®cant to genetic regulation remains to be
determined. The three regions of highest conservation areThe Hsp70-2 intron begins with a GC dinucleotide, in-
stead of the consensus GT. However, in the literature there at the transcription start and within the 5* UTR. Other
conserved features of these sequences include four SP1 sitesare 6 out of 776 human pre-mRNA introns which begin
with GC (Penotti, 1991; Takenaka et al., 1991). Five of these and three CCAAT sites, and the apparently unused TATA
box. In addition, the mouse and rat genes contain an oc-appear to be fully functional, while the GT to GC mutation
in intron 6 of the aromatase gene causes cryptic splicing tamer sequence (ATTTGCAT) found upstream of the sperm
TABLE 4
Hsp70-2/lacZ Expression in Adult Tissues: b-Galactosidase Activity Assaya
Transgene construct
Tissue KasI EcoRI EcoNI Wild-type
Testis 46.9 { 10.1 (16)b 95.2 { 32.0 (35)b 4.6 { 2.1 (14) 5.5 { 2.0 (12)
Brain 1.7 { 1.1 (7) 5.0 { 2.5 (10) 2.9 { 1.4 (6) 1.3 { 1.3 (4)
Heart 0.5 { 0.3 (7) 2.3 { 1.2 (9) 2.4 { 1.1 (6) 0 { 0 (4)
Kidney 2.9 { 1.2 (7) 2.5 { 1.0 (9) 4.2 { 2.4 (6) 4.0 { 1.6 (3)
Liver 0.4 { 0.2 (7) 4.6 { 1.6 (9) 2.2 { 1.0 (6) 1.3 { 1.2 (3)
Lung 1.6 { 1.6 (5) 5.8 { 2.9 (9) 1.6 { 0.8 (3) nd
Muscle 3.7 { 1.7 (7) 4.6 { 1.8 (9) 3.9 { 1.9 (6) 3.0 { 3.0 (3)
Spleen 2.7 { 1.1 (7) 1.6 { 0.5 (9) 2.8 { 1.0 (6) 2.5 { 1.6 (3)
Ovary 0.7 { 0.6 (3) ndc nd 11.4 { 5.9 (3)
a Transgene expression was determined by b-galactosidase activity assay. Units equal to b-galactosidase activity per minute per milli-
grams total protein measured in an ONPG solution assay of cellular extracts (MacGregor et al., 1991). Values given are mean { standard
error, the number of animals analyzed are indicated in parentheses. A minimum of four transgenic lines from each transgene construct
were assayed.
b Signi®cantly different from wild-type using the Kolmogorov±Smirnov test (P  0.001).
c nd, not determined.
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histone H2B-1 gene of the sea urchin (Barberis et al., 1987). for Hsp70-2 expression in embryonic or adult somatic tis-
sues. However, the signi®cance of HSP70-2 protein in so-The functional signi®cance of these upstream sequence mo-
tifs remains to be determined. matic tissues is unclear, since we have found no evidence
that the protein is present in somatic tissues and since miceA number of laboratories have identi®ed the promoter
regions of genes expressed in mouse spermatogenic cells de®cient for HSP70-2 exhibit no obvious phenotypes other
than disruption of spermatogenesis (D. J. Dix et al., unpub-(reviewed by Eddy et al., 1993). Comparisons of these pro-
moter regions revealed no common DNA elements between lished results).
In summary, this study demonstrates that the core pro-the Hsp70-2 promoter and those of acrosin (Nayernia et al.,
1992), Pgk-2 (Robinson et al., 1989), or Zfy-1 (Zambrowicz moter which triggers expression of Hsp70-2 during the mei-
otic phase of male germ cell development acts throughet al., 1994). Nor did the Hsp70-2 promoter contain the
consensus sequence (TCGGCGGCTA) found in meiosis- DNA sequences located within 640 bp of the start codon
and within 287 bp of the transcription start site. This pro-speci®c genes from yeast (Moens, 1994). This sequence is
an upstream repressor sequence of a number of mitotic moter appears to be distinct from sequences responsible for
stress-inducible or constitutive expression of other mem-genes, but is required for expression of some meiotic genes,
including proteins found in the synaptonemal complex bers of the Hsp70 gene family. The unique features of the
promoter for this gene are probably related to the specialized(Sym et al., 1993).
Studies which identi®ed HSP70-2 as an abundant protein functions of the HSP70-2 protein during the meiotic phase
of spermatogenesis. This gains additional signi®cance fromin spermatocytes also indicated that HSC70, HSC70t,
GRP75, and GRP78 are present in germ cells (O'Brien, 1987; our recent identi®cation of HSP70-2 as a component of syn-
aptonemal complexes in the nuclei of spermatocytes (J. W.Allen et al., 1988a, 1988b). However, the regulation and
expression of individual Hsp70 genes appears to be quite Allen et al., unpublished results), and our discovery that
Hsp70-2 expression is required for successful progressiondistinct in different tissues, at different developmental
stages, and under different environmental conditions. Clues through meiosis and spermatogenesis with gene knockout
mice (D. J. Dix et al., unpublished results).to the genetic basis for these differences in Hsp70 expres-
sion patterns probably lie in the regulatory sequences up-
stream of individual Hsp70 genes. While the upstream se-
quences of mouse Hsp70-2 and rat Hst70 are highly con- ACKNOWLEDGMENTS
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